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APPEAL BRIEF 

BOARD OF PATENT APPEALS AND INTERFERENCES 
ALEXANDRIA, VIRGINIA 22313 

SIR: 

This is an appeal of Claims 1-10, 27, 28 and 52-54, which were finally rejected in the 
Official Action dated January 29, 2004. A Notice of Appeal was timely filed on July 29, 
2004. 



I. REAL PARTIES OF INTEREST 
The real party of interest in this appeal is: Sunyx Surface Nanotechnologies GmbH, 
Stolberger Str. 370, D-50933, Koeln, Federal Republic of Germany. 



II. RELATED APPEALS AND INTERFERENCES 
Appellants, Appellants' legal representative, and the Assignees are aware of no other 
appeals or interferences which will directly affect or be directly affected by or have a bearing 

on the Board's decisions in this appeal. 02/03/2005 SDENB0B1 00000140 03863123 

' 02 FC:1402 ™ M 0P 

02/02/2005 JflDLOlx 00000020 09861123 

02 FC:1402 \ \500.00 OP 

AdjusWnt date: 02/03<2005 SDENB0B1 III. STATUS OF THE CLAIMS 

02702/2005 JftDDOl 00000020 09861123 

02 FC:1402 -500.00 OP 
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Claims 1-10, 27, 28 and 52-54 are active and under Final Rejection in the present 
application. Claims 1 1-26 and 29-51 stand withdrawn. 

IV. STATUS OF AMENDMENTS 
All previously filed amendments have been entered. 

V. SUMMARY OF THE INVENTION 
The present invention relates to a surface having ultraphobic properties, which 
comprises a hydrophobic or oleophobic material, or is coated by a hydrophobic or oleophobic 
material, and has a surface topography in which the value of the integral of a function S 
S(log f) = a(f) • f 

which gives a relationship between the spatial frequencies f of the individual Fourier 
components and their amplitudes a(f), and wherein the value of the integral is at least 0.5 
between the integration limits log(fi//xm _1 ) = -3 and log (f 2 //xm" 1 ) = 3. (see page 1, lines 3-12; 
page 2, line 29 to page 3 line 6; claim 1) 

Appellants have found that by providing such surfaces having the required value of at 
least 0.5 for the integral of function S within the stated limits, one method for obtaining an 
ultraphobic surface is obtained. 

An ultraphobic surface is characterized by the fact that the contact angle of a drop of 
liquid, usually water, on the surface is significantly more than 90° and the roll-off angle does 
not exceed 10°. Ultraphobic surfaces with a contact angle of >150° and the above noted roll- 
off angle are industrially very useful, since they are wettable neither with oil nor water, soil 
particles adhere to the surfaces very poorly and the surfaces are self-cleaning, (see 
specification at page 1, lines 14-21). 
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VI. ISSUES 

The issues in this appeal are: 

1. Whether the claims are anticipated under 35 U.S. C. 102(b) or obvious under 35 
U.S.C. 103 over Clark et al or Takahashi et al, alone or in view of either of 
Baumann et al or Goetz et al? 

2. Whether the Declarations filed by Dr. Reihs under 37 C.F.R. 1 . 1 32 are sufficient 
to show that the claims are not anticipated or obvious in light of any of the cited 
references? 

3. Whether the specification is enabling for the claims as pending, under 35 U.S.C. 
112, first paragraph? 

VII GROUPING OF CLAIMS 
The claims stand or fall together. 

VIII. ARGUMENT 

The claims stand rejected, in various combinations, under 35 U.S.C. 102(b) over 
Clark et al or Takahashi et aL or under 35 U.S.C. 103(a) over Clark et al in view of Baumann 
et al or Takahashi et al in view of Goetz et al . None of the applied references describe an 
ultraphobic surface having the claimed surface topography. 

The Examiner's position relies upon the assertion that either Clark or Takahashi 
inherently describe a structured surface having the claimed surface topography. The 
Examiner's reasoning for this is that because Clark or Takahashi disclose ultraphobic 
surfaces having high contact angles above 150°, they inherently must have the surface 
topography required in the present claims, even though neither reference discloses or 
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suggests anything with respect to the surface topography as present in the present claims. 
Accordingly, the Examiner bases the rejections on a theory of inherency. The Examiner's 
position that any ultraphobic surface having a contact angle above 150° would inherently 
have a surface topography with the value of S of the claims is traversed and has been amply 
rebutted by the Declarations of Dr. Reihs filed previously in this application. 

The prior Rule 1.132 Declarations show that surfaces described in the prior art, which 
have contact angles in excess of 150° and provide roll off of water droplets at the "slightest 
inclination of the substrate" (i.e., Clark at column 6, lines 52-53) do not necessarily possess 
the claimed surface topography. The Declaration shows that although a surface may have 
ultraphobic properties, it does not necessarily or inherently have the claimed surface 
topography (i.e., Examples 1, 7, 8, and 10 of Clark ). The data of Examples 1, 7, 8 and 10 of 
the Clark reference (U.S. Patent 5,674,592) were used to calculate the topography of surfaces 
consisting of nanostructure elements according to Clark as embodied in the S integral value 
as used in the present invention. In particular, the data used were the height of the 
nanostructure elements, the tip diameter of the nanostructure elements and the areal number 
densities of the nanostructure elements. These were the same data used in calculating the 
value of the S integral in the examples of the present application. The calculations were 
performed with 262,144 points per calculation. This number of points per calculation is more 
than adequate to model the topography accurately. 

The resulting height profiles were processed in exactly the same manner as described 
in the present application at page 14, lines 23-27; page 25, lines 1-22 and page 29, lines 6-19, 
and as described in Dr. Reihs 5 first Declaration. No manipulation of the data was required or 
performed in order to calculate the S integral value. The calculations were performed in 
exactly the same manner as the examples in the present application using exactly the same 
type of data. The methods used to calculate height profiles using the data discussed above 



4 



Application No. 09/869,123 
Appeal Brief 

are well known to those of skill in the art and are discussed in detail in the references 
described in the specification (copies of the Magonov et al, Ruppe et al and Recknagel et al 
references cited in the specification and incorporated therein by reference are provided for the 
Board's convenience). From these data (height, tip diameter and areal density of 
nanostructure elements on the surface) one of ordinary skill readily obtains the height profiles 
that are used in the present invention for determining the S integral value of the surface. 

The number m=n=512 points in both x and y directions was used, since it matches the 
number of points in the x and y directions of the height profiles in the examples of the present 
application (see, for example, page 28, line 1 to page 29, line 4). Accordingly this choice of 
the number of points in each of the x and y directions was chosen to make the results 
calculated in the examples of the present application and those calculated based upon the data 
in Clark be directly comparable. 

With respect to the hydrophobic substance modeled in the calculations reported in the 
Declarations: In the Clark patent, the hydrophobic substance C8Fi 7 (CH 2 )nSH on smooth gold 
consists of a contact angle of 0 a = 125° (advancing contact angle 0 a ) and 0 r = 105° (receding 
contact angle 0 r ) (see Table 2, example 3 of Clark ) Since the contact angle hysteresis A0 = 
0 a - 0r = 20° is small, one can approximate the apparent contact angle 0 (or equilibrium 
contact angle) according to the well known equation A0 sin0 = cos0 r - cos0 a (see e.g. J. 
Kijlstra et al, Colloids and Surfaces 206 . 521 (2002)) yielding 0=116°. The model used in 
the Declaration thus implies an apparent contact angle of a smooth gold coated surface of 0 = 
1 15° as seen from example 6 in the specification. Thus the model used in the Declaration 
corresponds to a hydrophobic coating equivalent to the compound used in the Clark patent. 

Accordingly, as shown in Table 1 of the first Reihs Declaration, no additional 
information was needed beyond the information provided by Clark and the model used in the 
present invention to carry out the calculations and verify that even though Clark shows a 
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contact angle larger than 170°, the surfaces provided by Clark do not provide a surface 
structure resulting in an integral S (log f) of at least 0.5, as required in the present invention. 
The integrals achieved with the surfaces according to Clark ranged from 0.017 to 0.134 and 
are thus at least three times smaller than the value of the integrals claimed. Accordingly, the 
structure of the surfaces generated according to Clark are significantly different from the 
structure of the surfaces of the present invention, even though the structures of Clark have 
comparable water contact angles. 

Appellants therefore respectfully submit that the Declarations are sufficient to show 
that surfaces having ultraphobic properties do not inherently possess the claim surface 
topography, and to address the Examiner's concerns. 

Thus, there is no basis for the Examiner's conclusion that any ultraphobic surface 
having a contact angle above 150° would inherently have a surface topography with the value 
of S of the present claims and, therefore, the claims are not anticipated by the references. 

Accordingly, since it has been shown that ultraphobic surface properties do not 
depend on the claimed surface topography, the Examiner can no longer assert that the 
claimed surface topography is inherent to ultraphobic surfaces. Thus, Appellants' 
Declaration is sufficient to show that neither Clark nor Takahashi inherently describe the 
claimed surface topography. Accordingly, since Clark and Takahashi neither expressly nor 
inherently describe the claimed surface topography, Clark and Takahashi fail to anticipate the 
claimed surface and the rejections under 35 U.S.C. 102(b) should be REVERSED. 

Moreover, because neither Clark nor Takahashi expressly or inherently describe a 
surface having the claimed topography, as discussed above, the Examiner has failed to 
support a prima facie case of obviousness. None of the applied references in combination 
with Clark or Takahashi "teach or suggest all the claim limitations" (M.P.E.P. § 21 143). The 
Baumann et al and Goetz et al references are used by the Examiner to merely teach a 
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particular material used in the substrate, but say nothing about the surface topography 
required by the present claims. Accordingly, none of the applied references, either 
individually or in combination suggest the claimed invention, and the rejections under 35 
U.S.C. 103 should be REVERSED. 

The rejection of the claims under 35 U.S.C. § 1 12, first paragraph is respectfully 
traversed. The Examiner states that the specification "does not reasonably provide 
enablement for any and every surface having the claimed properties" (emphasis added). 
However, Appellants respectfully submit that the Examiner has applied an incorrect legal 
standard. In Engel Industries, Inc. v. Lockformer Co., the Federal Circuit noted "The 
enablement requirement is met if the description enables any mode of making and using the 
claimed invention." (emphasis added). 1 While it is true that enablement requires that there be 
no undue experimentation required, it is well established that the invention can be enabled 
"even though some experimentation is necessary; the amount of experimentation, however, 
must not be unduly extensive." 2 M.P.E.P. § 2164.01(b) states that "as long as the 
specification discloses at least one method for making and use the claimed invention that 
bears a reasonable correlation to the entire scope of the claim, then the enablement 
requirement if 35 U.S.C. § 1 12 is satisfied" (emphasis added). In National Recovery 
Technologies, Inc. v. Magnetic Separation Systems, Inc., the Federal Circuit noted that the 
"scope of enablement in turn, is that which is disclosed in the specification plus the scope of 
what would be known to one of ordinary skill in the art without undue experimentation." 3 

The Examiner has already admitted that the specification is "enabling for the product 
made in the examples in the specification". For that reason alone, Appellants respectfully 
submit that the claimed invention is sufficiently "enabled" by the specification. Further, 

1 Engel Industries, Inc. v. Lockformer Co., 946 F.2d 1528; 20 U.S.P.Q.2d 1300 (Fed. Cir. 1991). 

2 United States v. Telectronics, Inc., 857 F.2d 778, 8 U.S.P.Q.2d 1217 (Fed. Cir. 1988), cert, denied, 490 U.S. 
1046(1989). 

3 National Recovery Technologies, Inc. v. Magnetic Separation Systems, Inc., 166 F.3d 1 190, 49 U.S.P.Q.2d 
1671 (Fed. Cir. 1999). 

7 



* Application No. 09/869,123 
Appeal Brief 

Appellants have described significantly more than one method of making and using the 
claimed invention. The Examples of the specification describe various different methods for 
preparing a surface having the claimed surface topography (e.g., by etching or deposition of 
fine particles), and provide examples of various oleophobic and hydrophobic materials. 
Furthermore, the specification provides a detailed description at pages 28-29, of methods for 
determining surface topography, complete with reference to various published articles 
describing those methods that were thus clearly known to those of skill in the art. 

Moreover, Appellants respectfully submit that one of ordinary skill in the art would 
reasonably understand, based on the ample description and examples of the present 
specification, how to make and use the claimed invention. While the standard requires that 
one of ordinary skill must be able to practice the invention without undue experimentation, as 
noted above, this does not require that each and every embodiment must be explicitly 
described in the application. Further, this standard does not require that no experimentation 
be needed to practice the full scope of the invention. Given the disclosure in the present 
application of methods for making the present ultraphobic surfaces having the required 
surface topography, the disclosure of a variety of materials for preparing such surfaces, and 
the method by which to determine whether the formed surfaces have the required topography, 
one of ordinary skill in the art would be readily able to practice the invention without 
requiring undue experimentation. Accordingly, Appellants respectfully submit that the 
claimed invention is enabled, based upon the description in the specification, combined with 
the knowledge of one of ordinary skill in the art, and lastly as admitted by the Examiner in 
the statement that Appellants have enabled the examples described in the application. 
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Appellants respectfully submit that the application is now in condition for allowance, 
and that all of the rejections should be REVERSED. 



Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
Norman F. Obion 
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APPENDIX 
LISTING OF CLAIMS 
Claim 1. (Previously Presented) A surface having ultraphobic properties, comprising 

a surface topography in which the value of the integral of a function S 

S(logf) = a(f)-f (1), 

which gives a relationship between the spatial frequencies f of the individual Fourier 

components and their amplitudes a(f), is at least 0.5 between the integration limits 

log(fi/yum _1 ) = -3 and log(f 2 /Atm" 1 ) = 3, wherein said surface comprises a hydrophobic or 

oleophobic material, or is coated with a hydrophobic or oleophobic material. 

Claim 2. (Previously Presented) The surface according to Claim 1, wherein the 

integral is > 0.6. 

Claim 3. (Previously Presented) The surface according to Claim 1, wherein said 
surface has a contact angle of at least 150° and a roll-off angle of <10°. 

Claim 4. (Previously Presented) The surface according to Claim 1, wherein said 
surface has a contact angle of at least 155°. 

Claim 5. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises metal, plastic, glass or ceramic. 

Claim 6. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises metal and is selected from the group consisting of beryllium, magnesium, 
scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, 
aluminum, gallium, yttrium, zirconium, niobium, molybdenum, technetium, ruthenium, 
rhenium, palladium, silver, cadmium, indium, tin, lanthanum, cerium, praseodymium, 
neodymium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, 
thulium, ytterbium, lutetium, hafnium, tantalum, tungsten, rhenium, osmium, iridium, 
platinum, gold, thallium, lead, bismuth, titanium, aluminium, magnesium, nickel and alloys 
thereof. 
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Claim 7. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises metal and is an aluminium-magnesium alloy. 

Claim 8. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises plastic and is a thermosetting or thermoplastic polymer. 

Claim 9. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises a thermosetting polymer and is selected from the group consisting of 
diallyl phthalate resins, epoxy resins, urea-formaldehyde resin, melamine- formaldehyde 
resin, melamine-phenol-formaldehyde resin, phenol-formaldehyde resin, polyimides, silicone 
rubbers, unsaturated polyester resins and mixtures thereof 

Claim 10. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises a coating of a hydrophobic phobicization auxiliary. 

Claim 1 1 . (Withdrawn) Material or construction material comprising an ultraphobic 
surface according to Claim 1 . 

Claim 12. (Withdrawn) A friction-reducing lining of vehicle bodies, aircraft 
fuselages or hulls of ships comprising the ultraphobic surface as claimed in claim 1. 

Claim 13. (Withdrawn) A self-cleaning coating or panelling of building structures, 
roofs, windows, ceramic construction material comprising the ultraphobic surface claimed in 
Claim 1. 

Claim 14. (Withdrawn) An antirust coating of metal objects comprising the 
ultraphobic surface claimed in Claim 1 . 

Claim 15. (Withdrawn) A transparent sheet or a topcoat of transparent sheets 
comprising the ultraphobic surface claimed in Claim 1 . 

Claim 16. (Withdrawn) Process for the preparation of a surface having ultraphobic 
properties according to claim 1 based on an AlMg 3 alloy, comprising cleaning, pickling, 
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anodically oxidating, passivating in boiling water, and optionally coating with a noble metal 
as an adhesion promoter, and coating with a hydrophobic material. 

Claim 17. (Withdrawn) Process for the preparation of a surface having ultraphobic 
properties comprising molding, wherein a mould, which has the negative of a surface 
topography suitable for an ultraphobic surface, is moulded with a mixture of a plastic and a 
hydrophobic additive, which separates out upon curing as a thin film between the surface of 
the mould and the plastic moulding. 

Claim 18. (Withdrawn) Process for the preparation of a surface having ultraphobic 
properties comprising moulding a surface of a positive mould, which has a surface structure 
suitable for an ultraphobic surface, with a plastic, and the surface of the resulting moulding 
having the negative impression of the surface of the positive mould is optionally provided 
with an adhesion promoter layer and then with a hydrophobic coating. 

Claim 19. (Withdrawn) Process according to Claim 18, wherein the plastic is a 
hydrophobic polymer, and the additional coating with hydrophobic or oleophobic material is 
optionally omitted. 

Claim 20. (Withdrawn) Process according to Claim 17, wherein the mould is the 
negative of the surface structure of a pickled, anodized surface consisting essentially of 
aluminium or an aluminium alloy and treated with hot water at from 50 to 100°C. 

Claim 21. (Withdrawn) Process according to Claim 17, wherein the mould is the 
negative of the surface structure of a microstructured, anodized, calcined surface consisting 
essentially of aluminum or an aluminium alloy. 

Claim 22. (Withdrawn) Process according to Claim 17, wherein the plastic used for 
the moulding is a thermosetting polymer or a thermoplastic polymer. 

Claim 23. (Withdrawn) Process according to Claim 22, wherein the thermosetting 
polymer is selected from the group consisting of diallyl phthalate resin, epoxy resin, urea- 
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formaldehyde resin, melamine-formaldehyde resin, melamine-phenol-formaldehyde resin, 
phenol-formaldehyde resin, polyimide, silicone rubber and unsaturated polyester resin. 

Claim 24. (Withdrawn) Process according to Claim 22, wherein the thermoplastic 
polymer is selected from the group consisting of thermoplastic polyolefin, polypropylene, 
polyethylene, polycarbonate, polyester carbonate, polyester, PBT, PET, polystyrene, styrene 
copolymer, SAN resin, rubber-containing styrene graft copolymer, ABS polymer, polyamide, 
polyurethane, polyphenylene sulphide, polyvinyl chloride and mixtures of said polymers. 

Claim 25. (Withdrawn) Process according to Claim 17, wherein the surface of the 
moulding with the impression has a coating with a hydrophobic phobicization auxiliary, or 
phobicization auxiliary which hydrophobicizes the surface, used as additive to polymers 
compatible therewith. 

Claim 26. (Withdrawn) A method of testing a surface for ultraphobic properties, 
comprising coating the surface with a noble metal or GaAs as adhesion promoter, further 
coating with a phobicization auxiliary, then analyzing the surface topography and, from the 
measured data, the spatial frequencies f and their structure amplitudes a(f), and the integral of 
the function S 

S(logF)=a(f)-f (1) 
calculated between the integration limits log(fi/yum _1 )=-3 and log(f2/^m _1 )=3 is formed. 

Claim 27. (Previously Presented) The surface according to Claim 1, wherein said 
surface comprises a thermoplastic polymer and is selected from the group consisting of 
polyolefins, polypropylene, polyethylene, polycarbonates, polyester carbonates, polyesters, 
PBT, PET, polystyrene, styrene copolymers, SAN resin, rubber-containing styrene graft 
copolymers, ABS polymer, polyamides, polyurethanes, polyphenylene sulphide, polyvinyl 
chloride and mixtures thereof. 
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Claim 28. (Previously Presented) The surface according to claim 1, wherein said 
surface comprises a coating of a hydrophobic phobicization auxiliary which comprises a 
group which is an anionic, cationic, amphoteric or nonionic, interface active group. 

Claim 29. (Withdrawn) The self-cleaning coating or panelling of building structures, 
roofs, windows, ceramic construction material claimed in Claim 13 for sanitary installations 
and household applicances. 

Claim 30. (Withdrawn) The transparent sheet of Claim 15 used as a sheet or top- 
coating in glass or plastic. 

Claim 31. (Withdrawn) The transparent sheet of Claim 15 used as a sheet or top- 
coating for solar cells, vehicles, or greenhouses. 

Claim 32. (Withdrawn) The process of Claim 16, wherein the noble metal coating is 
gold with a layer thickness of from 10 to 100 nm. 

Claim 33. (Withdrawn) The process of Claim 32, wherein the coating is prepared by 
atomization. 

Claim 34. (Withdrawn) The process of Claim 16, wherein the hydrophobic material 
is a phobicization auxiliary selected form the group consisting of anionic, cationic, 
amphoteric, and nonionic interface active compounds. 

Claim 35. (Withdrawn) The process claimed in Claim 17, wherein the hydrophobic 
additive is oleophobic. 

Claim 36. (Withdrawn) The process as claimed in Claim 18, wherein the plastic is a 
thermosetting or thermoplastic polymer. 

Claim 37. (Withdrawn) The process as claimed in Claim 18, wherein the 
hydrophobic coating is oleophobic. 

Claim 38. (Withdrawn) The process as claimed in Claim 19, wherein the 
hydrophobic polymer is poly(methyl)methacrylate-co-perfluorooctadecyl methacrylate. 
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Claim 39. (Withdrawn) Process according to Claim 18, wherein the mould is the 
positive of the surface structure of a pickled, anodized surface consisting essentially of 
aluminium or an aluminium alloy and treated with hot water at from 50 to 100°C. 

Claim 40. (Withdrawn) Process according to Claim 18, wherein the mould is the 
positive of the surface structure of a microstructured, anodize, calcined surface consisting 
essentially of aluminum or an aluminium alloy. 

Claim 41. (Withdrawn) Process according to Claim 18, wherein the plastic used for 
the moulding is a thermosetting polymer or a thermoplastic polymer. 

Claim 42. (Withdrawn) Process according to Claim 41, wherein the thermosetting 
polymer is selected from the group consisting of diallyl phthalate resin, epoxy resin, urea- 
formaldehyde resin, melamine-formaldehyde resin, melamine-phenol-formaldehyde resin, 
phenol-formaldehyde resin, polyimide, silicone rubber and unsaturated polyester resin. 

Claim 43. (Withdrawn) Process according to Claim 41, wherein the thermoplastic 
polymer is selected from the group consisting of thermoplastic polyolefm, polypropylene, 
polyethylene, polycarbonate, polyester carbonate, polyester, PBT, PET, polystyrene, styrene 
copolymer, SAN resin, rubber-containing styrene graft copolymer, ABS polymer, polyamide, 
polyurethane, polyphenylene sulphide, polyvinyl chloride and mixtures of said polymers. 

Claim 44. (Withdrawn) Process according to Claim 18, wherein the surface of the 
moulding with the impression has a coating with a hydrophobic phobicization auxiliary, or 
phobicization auxiliary which hydrophobicizes the surface, used as additive to polymers 
compatible therewith. 

Claim 45. (Withdrawn) The process according to Claim 17, wherein the hydrophobic 
auxiliary is an anionic, cationic, amphoteric, or nonionic interface active compound. 
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Claim 46. (Withdrawn) The process according to Claim 18, wherein the hydrophobic 
auxiliary is an anionic, cationic, amphoteric, or nonionic interface active compound. 

Claim 47. (Withdrawn) The method claimed in Claim 26, wherein said surface is 
coated by vapor deposition. 

Claim 48. (Withdrawn) The method claimed in Claim 26, wherein the adhesion 
promoter is gold. 

Claim 49. (Withdrawn) The method claimed in Claim 48, wherein the gold layer has 
a thickness of 10 to 100 nm. 

Claim 50. (Withdrawn) The method claimed in claim 26 wherein the phobicization 
auxiliary is decanethiol. 

Claim 5 1 . (Withdrawn) The method claimed in Claim 26, wherein the surface 
topography is analyzed with a combination of scanning tunneling microscopy, scanning 
atomic force microscopy, and/or white light interferometry. 

Claim 52. (Previously Presented) A surface having ultraphobic properties, 
comprising a surface topography in which the value of the integral of a function S 

S(logf) = a(f)-f (1), 
which gives a relationship between the spatial frequencies F of the individual Fourier 
components and their amplitudes a(f), is at least 0.5 between the integration limits 
log(fi//xm' 1 )— 3 and log(f 2 //im" 1 )=3, wherein said surface comprises a hydrophobic material, 
or is coated with a hydrophobic material. 

Claim 53. (Previously Presented) A surface having ultraphobic properties, 
comprising a surface topography in which the value of the integral of a function S 

S(log f) = a(f) • f (1), 
which gives a relationship between the spatial frequencies F of the individual Fourier 
components and their amplitudes a(f), is at least 0.5 between the integration limits 
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logCfi/jim" 1 )— 3 and log^/an* 1 ^, wherein said surface comprises an oleophobic material, 
or is coated with an oleophobic material. 

Claim 54. (Previously Presented) The surface according to claim 1, wherein said 
surface comprises a metal and is AlMg 3 . 
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Abstract 

From atomic force microscopy ( AFM) topographic data, the power spectral densities (PSD$) of substrate and film surfaces were calculated 
over extended bandwidths. The results were successfully compared with PSDs obtained from angle-resolved scattering (ARS) measurements, 
while considering the overlapping spectral frequency range of both methods. The PSD curves obtained by AFM also proved to be a suitable 
loo] for investigating the influence of the substrate on the surface topography of thin film coatings. A correlation factor quantifying the relation 
between the substrate and film PSD is suggested a$ a measure of substrate replication effects after thin film deposition. 

Keywords: Atomic force microscopy; Ught scattering; Oplicul thin films; Surface roughness 



| 1. Introduction 

i 
i 

; The quality of optical thin film components is substantially 

| influenced by their microtopography. In particular, optical 

j losses due to light scattering arc largely dorninatcd by surface 

| and interface roughnesses. Hence a detailed knowledge of 
the roughness characteristics of both substrates and thin films 

j will aid in the optimization of the production parameters of 

i the optical coating- 

j Of the variety of i nstruments and methods capable of mcas- 

^ • uring the surface roughness of thin film components, we 

! believe that light scattering and atomic force microscopy 

j (AFM) are excellent tools for meeting the specific require- 

! ments of such samples. For about two decades, numerous 

I investigations have been dedicated, both experimentally and 

| theoretically, to the problem of roughness and light scattering 
(see, for example, Rcfs. [1-10]), but AFM is still in the 

; early stages of becoming an accepted method of roughness 
rr. krjnve stigati^^ 

j pography studies have so far focused on materials for several 

; non-optical applications, such as silicon, metals and tribolog- 

j ical films [16-21], 

1 In most cases where optical surfaces are to be evaluated, 

j the parameter commonly used for describing the roughness 
characteristics of a bare surface or coating is the rbot-mean- 
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square (rras) roughness. It very rapidly conveys to the user 
an impression of the quality of the surface under study and, 
as long as the bandwidth-limited character of this quantity is 
taken into account appropriately, it represents a suitable tool 
for roughness description. However, when specific roughness 
properties have to be investigated in detail, spectral roughness 
analysis should be performed. Determining the power spec- 
tral density (PSD) provides valuable information not only 
on the height deviation of the roughness profile, but also on 
its lateral distribution ( 1 ] , and hence it gives a more general 
description than the rms roughness alone. In recent papers 
[ 1 1 ,15] , this approach has been successfully applied to AFM 
data obtained on optical surfaces, while extending the PSD 
considerate on over a large bandwidth. 

In this paper, after providing a short explanation of the 
theoretical tools and experimental background, results of 
AFM topographic measurements on BK7 glasses and sub- 
sequent PSD calculations over a wide spatial frequency spec- 
tru m, are presented. In the freq uenc y range in which the 
^Baiidwid&^£Ar^ 

(ARS) r the spectral roughness curves of BK7 and multilayer 
coatings are compared. Eventually, using PSD curves 
obtained from AFM measurements, we study how the rough- 
ness characteristics of substrates are modified after the evap- 
oration of a two-layer film or, in other words, how much 
correlation remains between the coated and uncoated sur- 
faces. Such questions have been comprehensively discussed 
earlier within the framework of light scattering investigations 
[2,3,9,10]. 
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Fig. 1 . Schematic diagram of the PSD calculation procedure. 
2. Deteraination of the PSD functions 

As there arc a large number of papers and books dealing 
generally and comprehensively with the description of sur- 
face statistics [ 1,22,23] , wc only briefly outlinethe specific 
methods used in our PSD determination program. On the 
basis of the surface statistical treatment in Rcf. [22] , a home- 
made computer program for quantitative analysis of the 
microtopography as recorded by AFM was developed as 
described below (see also Fig. 1 ) . 

A two-dimensional fast Fourier transform algorithm was 
applied to the AFM image data, followed by the calculation 
of the square and normalization to the scanned area 

Sx(f+fJ =75 f £ E^e-^^ + ^>(AZ.) 2 l (1) 

where S 2 denotes the two-dimensional PSD, L 2 is the scanned 
surface area, N is the number of data points per line and row, 
is the profile height at position (m, n),f x ^ is the spatial 
JOrcqucncy in the x and y directions and &L=*N/L is the 
sampling distance. 

This was fallowed by transition to polar coordinates in 
frequency space and angular averaging { {varphi}) 



2v 

S 2 (J)~js 2 (f t <p)d<p 



(2) 



As the PSD function depends on only one parameter, it is 
plotted in all figures as a "slice" of the two-dimensional 
representation. However, it remains a two-dimensional 
function with the unit (length 4 ). 



3, Experimental implementation 

To investigate the substrates and film surfaces* a DIMEN- 
SION 3000 atomic force microscope was operated in Contact 
mode. This specific NanoScope TQ. instrument (Digital 
Instruments) is capable of performing measurements in var- 
ious jne^es^^^ 

even on large samples. This is cspeciaUy important as the" 
majority of our investigations deal with optical components, 
such as laser mirrors and their substrates, Anti Reflective 
(AR) coatings and lenses, the diameters of whichrange from 
a few millimetres to hundreds of millimetres. 

The reason for using, for these particular experiments, the 
Contact mode rather than Tapping™ is simply that, as far as 
glass substrates were concerned, we had already gained quite 
a lot of experience with mis mode when starting to operate 
the new Tapping™ mode. Hence, for consistency, wc 



decided to finish the series of PSD experiments using the 
Contact mode, even though the Tapping™ mode has proved 
to be a very suitable tool for examining our optical film 
components. 

Si tips with tip radii of approximately 10 nm were used for 
all measurements. AFM topographic images were recorded 
over scan areas from 1 jumX 1 yum to 80 /un x 80 /Am, each 
with a resolution of 512X512 data points. With / m » = 
l/2AL=///2Lm, n> the theoretical value of the highest spatial 
frequency contributing to the roughness calculation is 256 
/im~ which is tantamount to a lowest spatial wavelength of 
^nan 5 ^ nm. The long range limit of the spatial wavelength 
duua is attributed to the largest scan length L^, i.e. 80 /xoi 
(corresponding to a low spatial frequency limit of 1/ 
0.0125 /nm" 1 ). Instrumental artefacts such as those 
caused by the curvature of the piezo movement, as well as 
effects of thermal drifts and lateral forces, are usually super- 
imposed on the image. In order to eliminate these artificial 
roughness contributions, a third-order polynomial was fitted 
to each scan line and afterwards subtracted (procedure called 
"flatten"). 

For comparison, a few samples were also investigated by 
angle-resolved light scattering, and PSDs were calculated 
from the scattering curves in the following way. In the case 
of normal incidence and a single boundary (optical surface/ 
air), the two-dimensional PSD is given by the relation [22] 



ARS- 



dP/dtt 1677*6 



(3) 



where dP/dfl represents the scattered power per solid angle 
element, dflt = sin 0d#dv» is the incident power, A is the 
wavelength, 6 is the polar scattering angle, (varphi) is the 
azimulhal angle and Q is the optical factor. 

Backscattering measurements were carried out at 623.8 nm 
using the ARS equipment described in detail in Rcf. [24]. 
The measurements were performed at normal incidence with 
a low scattering angle limit of 2°. Then, from sin 8=fX, 
^min = 2 ° and 0mnx=9O°> the lower and upper spatial fre- 
quency limits were determined as 0.06 jitm" 1 and 1.6 /an ~ 1 
respectively. 



4. Sample preparation 

In our experiments, conventionally polished BK7, quartz 
glass and J^gF^rS^^ cm; thickness, 5 

lnrmn)™werelB^."M^ 

layer systems were evaporated at a substrate temperature of 
400 °C from resistance heated boats. In one case, a fluoride 
multilayer was overcoated with a thin aluminium layer 
(thickness, 75 nm) using magnetron sputtering. This opaque 
cover layer was necessary to obtain pure surface roughness 
information from light scattering measurements. In previous 
investigations, such Al films proved to be very suitable for 
replicating the underlying microstnicturc of fluoride films 
correctly, i.e. without adding any remarkable roughness 
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f 251 The thicknesses and multilayer configurations of the 
a discussion of the results, in Section 5. 



5. Results and discussion 

Fig. 2 shows the PSD curves obtained from AFM^ 
of a iK7 surface on varying the scan uze from \^ *\^ 

•n »tnvm um Asan example, the top-view image oftne 
to 80 jimXoU A"". i\*<ui^**" v > prn curves 

40 /imX40 /xm scan is displayed in Fig. 3. The PSD curves 



calculated for each AFM image overlap al the ^J*™ 
^KTrrricular frecuency intervals. Due to the "flatten 
of the /^".^"J^ uic amplitudes at the low 
SSfK-S jSSSrftS "particular scan decrc^ 

low than 1,5% of the highest frequency of each M 




to" 



Bg- 2, HSD curves 
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spatial frequency Dim*] 
Rg. d. Comparison of PSD curves obtained from AFM and ARS measure- 
ments on a BK7 surface (213) and aluminized multilayer coating (47S). 

dielectric coating with an Al cover layer. The dielectric coat- 
ing consisted of a five-layer system of alternating MgFa/LaFo 
films with half-wave optical thicknesses at a design wave- 
length A =248 nm. The rcsuhs of AFM and ARS arc in good 
agreement In fact, the PSD curves of the aluminized layer 
system coincide. For the BK7 surfaces, the PSD values cal- 
culated from ARS measurements slightly exceed those deter- 
mined from AFM, which can be explained as a result of the 
well-known problem of scattering contributions from Lhc rear 
of transparent samples. 

Remarkable differences are obtained regarding the shapes 
of the PSD functions of pure substrates and thin films when 
considering an extended spatial frequency range (see Fig. 5) . 
The substrate curves reveal a linear form in the log-log plot, 
which is a typical but nOL strict characteristic of glass surfaces 
[ 18,26,27] . In contrast, the thin film roughness gives rise to 
a "knee" in the higher frequency interval [27] . Both films 
were single layers of MgF 2 with geometrical thicknesses of 
225 nm and 459 nm respectively. Owing to the larger film 
thickness of sample 208, the development of the columnar 
structure results in a higher roughness level. The PSD of 
sample 2/590 displays a substrate-like behaviour at frequen- 
cies below 1 jnn"\ whereas for sample 208 the transition 
frequency to the substrate type occurs around 0.2 fxm " x . This 



spatial frequency Dim" 1 ] 
Fig. S. PSD Curves calculated from AFM measurements on substrates and 
MgF 3 single layers. Geometrical Tilm ihickiiesse*: 225 nm (2/590) ; 490 nm 
<208). 



shift to shorter spatial frequencies is attributed to the larger 
columnar structures of the thicker film, which not only cause 
a higher vertical roughness, but also enhanced lateral dimen- 
sions [2]. 

As a first approach to the quantitative measurement of the 
influence of the substrate roughness on the topography of the 
coating, i.e. quantifying the degree of roughness replication, 
we simply used a "correlation factor" that is common in 
general statistical descriptions 

'"£(S««)-5s)(i(/»-*:) 



/I 




where k is the correlation factor, S s and S c denote the PSDs 
of the substrate and coating respectively and S s and S c are 
the corresponding averaged PSDs. 

It should be emphasized mat #c must not be confused with 
the degree of cross-correlation that can be determined from 
light scattering investigations 13]. Cross-correlation as cal- 
culated from scattering actually relates the surface roughness 
profile of a dielectric thin film coating (film/ air interface) to 
the substrate profile (substrate/film interface). This is 
accomplished by utilizing interference effects of scattering 
between the two interface profiles, so that phase information 
and hence the true relation of the two profiles to each other 
are maintained. In contrast, k provides a pure statistical 
description of the "similarity" between the two surfaces 
without including any phase information. 

The correlation factor was calculated from AFM PSD data 
of an MgF 2 /LaF 3 coating ( A/4 layers, A = 248 nm) on quartz 
and MgF 2 substrates (see Fig. 6) . The low and high spatial 
frequency limits were set at 0.15 pm" 1 and 12.8 jim" 1 . 
#c = 0.9 and #c — 0.7 were obtained for the coating on the MgF 2 
and quartz substrates respectively. The correlation is very 
high in the case of the rough magnesium fluoride substrate, 
with the coating almost entirely replicating the surface mor- 
phology in the lower frequency range and a similarity 
between the film and substrate morphology in the higher 
frequency range. This situation can be seen qualitatively from 
the AFM top-view image in Fig. 7 where, in addition to the 
typical surface features of the columnar film structure, surface 
defects of the. substrate, such as scratches, can be easily rec- 
ognized. With the much smoother quartz substrate, correla- 
tion is less pronounced (see also the missing surface defects 
m-Figrt?; deft^ 



small fiequehciesr 

It should be emphasized that the correlation factor is sub- 
ject to bandwidth limitation (as arc all roughness values) and 
provides meaningful values only in the context of the spatial 
frequency limits given. 

6. Conclusions 

' The PSD functions of different substrates and optical coat- 
ings were evaluated from AFM data. To extend the spatial 
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Fig. 6. PSD curves calculated from the AFM data of an MgF 2 /LaF a double layer on MgF 2 (106.022) and quart* (104.015), together with the curves for the 
pure substrates (ragfsub. quartzcut) . 
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_ Fig. 7.. AFMjPF£y*pw images of samples 106 (right) and 104 ( left) . 



frequency limits of AFM images, several images with differ- 
ent scan sizes were performed . As - an .example, it was demy 
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variation and overlapping of the particular PSD$, the overall 
frequency range can be considerably extended. Comparison 
with PSD functions calculated from ARS measurements 
showed good agreement between the results obtained from 
the non-optical and optical method. A parameter has been 
Suggested that describes the correlation (similarity) between 
the PSDs of a coating and its substrate. It provides a simple 
quantitative measure of the influence of the substrate rough- 
ness on the coating. 
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Abstract 



Several methods for the Analysis of while light imerferograms arc; presented and their performance is compared m a new 
method employing die wqvclct transform in connection with suh-Nyqui* sampling. As ihe result of computer *muUu.ons 
imd experiments the wavelet method proves to be bed suited It. the problem. €> I W8 Elsevier -Science B.V. 

Keywords: White light int cytometry: Wavelet transform; SurTiis profile incasureincnl 



1, Introduction 



Quality control in microsystem technology, microcytics 
and machined surfaces demand to nn increasing extent the 
measurement and chiiractcrittttinn of the finishing of both 
rouRh and highly reflecting surfaces. White light interfcr- 
omctry is ait elegant method for measuring surface profile*: 
nnd thickness of transparent materials [1-10} It is also 
reported lhat white light interferomctry has been used for 
material identification. In contrast to coherent incerfcro- 
mctric techniques. White HglH interfermjrdms (correlation 
function. cOtTelogram) have a very small spatial extend 
and can thus be used to determine the position of the zero 
path difference without any phase ambiguity. Hence height 
measurement ranges of several hundred micrometers are 
possible. The path difference is changed by means or a 
piexo actuator in order to record the mterfeiograins. The 
position of Ihe highest contrast in the correlogram corre- 
sponds to the position of zero path difference and is given 

The zero-order interference fringe can be used instead of 
the envelope peak if there is no dispersion and the object is 
homogeneous Obviously, the accuracy of the change of 
path difference determines directly the achievahle vertical 
accuracy of the interferometer. 



' e-mail: rccknngC»i«f. flig.de 



In thus work a method for the analysis of correlogfams 
by means of u wavelet filter is presented and compared in 
conventional methods like the Fourier transform [1.2], the 
polynomial interpolation and the centre of gravity C& 
Whenever possible sub-Nyquist sampling is considered as 
well. Other methods not tested here arc the low puss 
filtering emplnyed by Caber [41 the Gorier method by 
Kino anil Chim [51 wttich also filters the signal and a 
recently proposed method by Utrkin [6] which uses nonlin- 
ear meth<xls known from phase shirt interferomctry to 

' detect the envelope. Prom the computational point of view 
the first two are prohibitive on normal PCs whereas lite 
algorithm proposed by Larkin is very efficient but offers 
nn intrinsic accuracy of only t/20 of the sampling step 
size accoiding to the author. This corresponds to an error 
of more than It) mri in the sub-Nyquist case. 

Computer siinulaiions are used Co determine the xensi- 
tivity to noise and die intrinsic systematic errors of ihe 
algorithms in the presence of sampling step size miseali- 

^rauons _and: the . like, Addiiionaily the achievable rms 
rcrK^tabiliiy is Ociemined experimentally and compared 
to the results of the computer simulations. 



2. White light interfcroRrnms and analysis 

A while light inlCrferognim is basically utven by 
i(z)- / rt + /, cws(A= + <h )cxp[ - ( z - z M ) 2 /2 n . (O 
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where z m is the envelope peak position, ir the width of the 
envelope! k the wavenumber. * the phaxeshifi of the 
Lanier frequency, /„ the intensity of the ofFsct and /» (he 
nunJulntion. The V'ormultt is derived assuming a Gaussian 
spectrum Of the light source and absence of dispersion. A 
comparbton of □ measured correiogram to a synthetic one 
showed sufficient ttrincidence. Generally (he envelope peak 
position I* the position of highest visibility and thus corre- 
sponds, co the surface height, 

In the following all algorithms Tor the annlysis of die 
correlograms considered in this paper «re briefly described 
numcly ibe rtuiribr method, the polynomial interpolation, 
the centre of gravity and the wavelet method. The wavelet 
algorithm is presented in more detail because- it represents 
a new algorithm which is to be compared to the other 
methods. Additionally some explication* concerning sob* 
Nyquist sampling step sires arc given at the end of this 
section. 



2.!. Fourier mwtwtl 1 1 \2 1 

The Fourier transform is the classical method and can 
be umi for Nyquist and sub-Nyquitt sampled corrckv 
grams. Here the phase information of the Fourier trans- 
farmed correiogram is used to determine the position of 
the highest contrast which corresponds to the surface 
height. One obtains the following formula for die surface 
height ; m . 



d* 

<Jjfc L 



(2) 



Where d> is the phase or the transformed corrclognim and 
t n me mean wavenumbcr of the corrckigram. Using the 
slated formula the peak position of the envelope of the 
correiogram is determined. Alternatively the position of 
the central fringe can be calculated from the transform 
provided the mean waveiiuniber t n »* known precisely. 



2.2. Ptdxnomud ituerpohtitm 

Another method to determine the position of the central 
fringe in a subpixcl resolution is by means of a polynomial 
-intcrpolati^ 

signals the calculation can be done. miring the measure- 
ment process because of the simplicity or the tJgorithm. 
The surface height is then given by 



(3) 



2/, ,-4/, + 2^, 
where /, is the intensity of the correiogram at the position 



2 J. Centre of t>rnrity I J/ 

The cemw of gravity is a method to determine the 
envelope pctik position of Nyquisi and- also sub-Nyquist 
sampled corrclogrnm* but then with a decreased accuracy. 
Its accuracy is still sufficient to be used a* an estimate for 
the wavelet niter algorithm. The surface height z< 0 can be 
found by 



ff-.l/J' 



2.4. Wavelet method 17 \ 

Now the continuous wavelet transform is used for the 
analysis or the eorrelograms. \\ is defined as follows 
[11.12] 

' - * . 

where lit) is the analysed sigir.il. A the mother wavelet, a 
the scale factor anil h the shift pnraiUCter. The Morlet 
wavelet is chosen as the mother wavelet because it exhibit* 
the strongest similarity lo the corrclo^nnn to be analysed 
[81 

The parameters of the corrclinjtfuiti such as the mean 
wavcitumbcr and the width of the envelope do not vary 
more than about 10% which is less than the frequency 
resolution of the wavelet with those parameters. Conse- 
quently il is sufficient in- calculate the transform only with 
the wavelet which has abour the same mean frequency 
(wavenumber) as the corTclogram. i.e. for just one- scale 
factor. This is basically a filtering with an adapted Hirer 
which retains the main features or the corTclogram but 
reduces" the nmxc and nsymelries of the envelope possibly 
introduced by dispersion of second order. The transformed 
correiogram W i h then 

W,(^-/*cxp[-iAo(c-c')] 

Xexp[-(c-:')V2»"]/(r)d=. (7) 

In practice- the c^rTdogmitts j art J given in a discrete 
form and therefore a discrete forirToT the wnvclei has to be 
used as well. Pnxsible sub-Nyquist step sizes are stated 
below. The real part of W represents the filtered correlo- 
gnim whereas ibe envelope is given by (he absolute modu- 
lus of W. In order, to determine the position of the maxi- 
mum orRcW) w |W| in suhpixel resolution a polynomial 
interpolation can be performed as described above. 

Ki»>S. 1-4 show the effect of wavelet filtering. In Fiji, I 
a jtynuVtic corrclognim is seen, in Fig. 2 the same corrclo- 
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«Nn length [&u.] 
Rg. 1 . Synlljtf it corrcloRram. Nyquiirt fcimpicd with 0.25v . 



gram with added intensity noise, in Fig. 3 the corrclogram 
from Fig- 2 sub-Nyquist sampled and Fig. 4 shows the 
filtered correlograni. It is obvious thai the origin©! correlo- 
gram is reconstructed wi(h nearly no noise, only the enve- 
lope is broadened by filtering. 

In the following it is described how a swb-Nyqvfct 
sampling of a signal with a sinusoidal carrier win be 



performed [7], The following sub-Nyquis( (s-n) sampling 
step sizes can be used Tor a well defined sampling of a. 
sinusoidal 

where F is ihe number of samples per period and n is the 



200 



100 



o 



-100 



-200 



-it 



20 



80 



80 



100 



shift length (a.u.] 

Fig. 2. S«ni« awtcloemra as in Pis. Ibul wl* <HM*d (SNR - lO>. 
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\25 



i 




too 



shift length [au.] 

Pi^ J. Same correlogram us in Rjl 2 hui *uh-Nyqu'ist sampled with l^tr. 



factor by which the frequency of the s-n sampled sinu- 
soidal w smaller than the one of the original signal. 

'11m: formula is o mathemsUcai representation of the 
following idea: the number of samples per period of the 
s-n sampled signal multiplied by the *-n step sire must be 
an integer multiple of the period of the original sig^»- 



2D0 



Additionally the s-n Mcp sfce must not be an integer 
multiple of tr which is taken into account by the given 
condition for n. , 

A signal consisting of a sinusoidal earner with the, 
(known) frequency / (wavelength A) and a slowly varying 
envelope can be s-n sampled if the step is chosen 




sNftiengih(au.] 

4. Recwirtnictcd eorrclftgrara Rc< W) {from cOn^logram in Pig. 3>. 



-2 
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appropriately. The form of the envelope is preserved and 
the carrier frequency is reduced by a ftctor ofl /n. Hence 
the spectrum of the signal is shifted from / 10 //«- The 
upper frequency Urnii oT the shifted signal Is thus 



J » m 2 it 



After shifting back the signal the upper frequency limit of 
the sampling nf ihc original signal is obtained, 

/ ra w-^(|-')- 

This corresponds to a minimal wavelength of 
_ // P/2 - I 



(10) 



(ii) 



Assuming u Gaussian envelope (i.e- a symmetric- Gaussian 
spectrum) it is best to choose the upper frequency limit of 
the sampling of the shifted signal (.£„,) iwiee us big as Us 
carrier frequency (//«) to achieve complete sampling. 
Hence one gem 



fit/ 

1 2 n n 



r^.---=2--'~4 (12) 
and thus possible sampling step si;ees and corresponding 



minimal wavelength ot 4 the used light source arc given by 

The Following minimal wavelength/sampling step %\ 7 & 
pairs comtspond CO a mCuO wavelength of A - 570 nm of 
the used halogen lamp 

A5= I Jtt, A ttfift -42Rnm; &S-2.5tt, A,*, 

«475nm; =- 3.5tj\ - 409 nm. (M) 

By looking at the spectrum of a measured corrclogram for 
a halogen lamp une sees that only a sampling xu?p size of 
1.5it entires a compleie sampling of die si^md with 
respect lo the frequency. 



3. SimulHtions 

First of all the algorithm* une compared with respect to 
the maximum error they produce under otherwise perfect 
conditions. These conditions include variations of die sam- 
pling step size and influences of the limited width of the 
recording window. The algorithms arc lestcd with syn- 
thetic correlograms ns given below but without noise. As a 



Table I 



Algorithm 




Irtteniiiy noise SNR 




Sumplii 


i- noise Inm] 




250 


50 


5 


2 


10 


50 


FFT central fringe 0^5* 


mw 


ao9 


0.55 


SO 


0.25 


1.4 


7J 


pv 


0.29 


1.6 


2W 


0.7 


4.4 


22 


FFT envdupe Q2Sn 


mis 
pv 


1.4 

3.3 


6.2 
17 


64 
1(U 


1.2 
4.1 


6.5 
16 


45 
150 


FFT envelope l*5ir 


rms 
P v 


4X> 
13 


20 
52 


2K5 ' 
2300 


0.75 
2.4 . 


6.3 


120 
730 * 


Polymnn0.2Sir 


rms 

r* 


0.24 
0.8 


1.1 
2.7 


193 
562 


1.0 
3.0 


14 


170 
1100 


Centre of gravity 0,23* 


nnx 
PV 


23 
li-S 


10 
29 


50 
180 


1.5 
4.0 


7.1 


22 
7v 


Centre of gravity t.5w 


mw 

PV 


6.K 


27 
72 


130 

3R0 


3.2 
1 1 


14 


57 

150 


Wi»Ycl$i ceiitml _ ftingc.n.l.'vjr 


_nns_ 


0-07 


035 


3.b 


0,2V 


1.4 


7.3 














-'- - 3;8 


:,25, ... ■ ... 


Wave Id cenval fringe 1 Sir 


WW 


0.13 


0.*) 


170 


0.75 


4.2 


150 


pv 


o.4« 


23 


560 


2*2 


12 


ssn 


Wavelet envelope U.25ir 


rntf 


1.0 


53 


53 


1.6 


8.7 


55 


Pv 


3.1 


15 


l«l 


5.1 


23 


290 


Wavelet envelope t-3ir 


rms 


2.6 


14 


133 


0.67 


7.0 


120 


pv 


8.1 


SO 


370 




23 


450 


The upper value give* ihc mv error and ihe lower ihc pv voloc. The sampling step ri« « smicd behind il« uljjor-iihm n;unc 
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ado* 0«Qg 



IjCHO 



H3*» in ^» 

F,jj. 5. R«:ion*ultu- paing measured with it* KiitvNyuuiM v#*tvclct aigf»ridiro. 



reMilt we found that all algorithms art capable of art 
nvcurncy of less man I nm Tin- sampling *tep size varia- 
tions or up to ± I50f- which is considered sufficient for a 
white light interferometer. Only the algorithm which cm- 
ploys the centre of gravity produces a maximum crnif of 
40 nm far sub-Nyuuist signals. 

In practice the vertical accuracy of a white ti»hi inter- 
ferometer is mainly limited by rwn different Wixis of noise 
which ijffeci the form of the ciirrelogtrams. The additive 
noise results from turbulence and detector noise whereas 
the sampling noise is caused by unwanted vibraiions of ihc 
apparatus and hy an inaccurate phase shift (resolution of 
the picxu actuator). 

Synthetic etwwilojtrams with superimposed noise are 
generated to simulate the influence or die noise on the 
repeatability 



xe*p 



(15) 



where / is the intensity, without offset: / the index within 

the sampling window. / - I /»: Atf, the sampling step 

si/c; #i„ the sampling noise* Gaussian distributed; n, the 
intensity noise. Gaussian distributed. 

The value of /r ( expressed in nm is used us a parameter 
lor the sampling noise wherens the intensity noise is 



quantified by the signal to noise ratio defined by 

SNR-2f/"i- ( l6 ^ 
In order to determine the soudtivity to noise 200 noisy 
correlograms Uiq. US)) are generated and analysed by the 
algorithms under test. The sampling and intensity noise arc 
simulated separately. The ims error and die pv value of the 
200 determined portions is used as a .measure for the 
sensitivity to noise. The main results of the simulations ure 
shown in Table I . 

Generally there is a clear proportionality of the error to 
the intensity noise amplitude and to the square root of the 
sampling rate. In the case of sampling noise it becwics 
more complicated because the noise is no longer additive 
but highly nonlinear and thus no clear dependences con be 



Tabic 2z 



Measured #nd rimuaucd rej^«hiMhy''eT'lKe^wSfte'liEnt imcrfcr- 
pnhiier (nm) __ 



pv value 



Mwsnrcd Simulated Measured Simulated 



Wavelet l-S 
GltiinOS I-5tt 
Polynomial 2.1 
uiterpolQlion 



i.: 



5,6 
fU 



4.5 

5.7 
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seen in genera). Only an over proportional increase in the 
enur for noise amplitudes greater than 50 ran can be 
observed which to due to the fact that the noise can be 
bigger than the minimal Nyquist step size. 

The wavelet filtering with central fringe detection has 
the same charocterisiics as the polynomial Interpolation but 
with significantly decreased errors. So the errors of the 
sub-Nyquist wavelet filtering arc still lower than the one* 
of the polynomial interpolation with a sampling step &ize 
or 02$v although the wavelet method needs 6 times less 
measured data. The wavelet filtering with mvelupe/ceniral 
fringe detection exhibits similar clmraeteri sties a* the 
Fourier transform with envelope/central fringe detection 
but is 1.5 times more insensitive to intensity noise. 



4. Experiments 

In order to compare the wavelei filiering to a conven- 
tional method (polynom fit) die repeatability of the mea- 
surement of the surface of a rectangular grating is deter- 
mined The grating has a high reflectivity and a highly 
finished surface and thus offers good conditions for the 
measurement of the lichievuble repeatability* Fig. 5 shows 
the measured surface. 

The repeatability Is found experimentally as well as 
theoretically by means of the simulation result*. The rrns- 
and pv-values of the repeatability are compared in Tabl6 2. 

in the otpcrimcnts we used a microscopic arrangement 
(Leica t>MR) equipped with a mirau-interfcromcier (40 X ). 
The path difference is changed by shitting the microscope 
table by means of a picw actuator with a positioning 
accuracy of 2 run and a shift length nF 100 um Trie 
interferograms are recorded with an S-btt camera by which 
an intensity noise of 3-4 grey levels is introduced. The 
camera noise, the inaccurate piez-o actuator and unavoid- 
able mechanical vibrations of the apparatus caused by 
external disturbances can be seen .as the main reasons for 
random errors. The simulated results given In Table 2 are 
based on assumption* about the value of the intensity and 
sampling noise distorting the corrclograms. If one assumes 
an effectively used dynamic range of the camera of 7 bit 
the SNR of the intensity noise is fouud to be 64. More- 
over, the .sampling noise is assumed to be caused only by 
the piczo actuator and is hence 2 nm as stated above. The 

- topological errors correspondin g . to -tr»/mteT^ity„noiM5,and, 

^^«mpling 
obtained topological errors by means of the Gauss error 
propagation law the resulting theoretical errors stated in 
Table 2 are obtained. 

Although the simulation takes into account the main 
emir sources the measured errors are slightly higher than 
the theoretical ones. There arc two likely reasons for this. 
First the sampling noise is probably higher than assumed 



because it is not only caused by the piezo actuator bui also 
by vibrations of the apparatus which have an unknown 
amplitude. Second, the polynomial fit is performed with a 
sampling step size of 0.35ir and not 0.257T as it is done in 
die simulations. Tuking these fads into consideration a 
good coincidence of the theoretical and experimental re- 
sults is found which leads to the conclusion that all 
simulation results are reliable and well suited for a com- 
parison of the presented algorithms. 



5. Summary /conclusion 

Severn I Jilgortthms for the analysis or cxirrelograms are 
presented and compared by means of computer simulations 
with respect to their focorctical accuracy and their sensitiv- 
ity to sampling and intensity noise. Generally the proposed 
wavelet filtering proves to be the algorithm which is most 
insensitive to noise- This algorithm also has the remarkable 
ability to determine the centre fringe of a corralon/am even 
ir it is RUb-Nyquist sampled. Additionally, in the case of 
sub*Nyqu*t sampling the algorithm is not only less sensi- 
tive to noise than the polynomial interpolation (sampled 
with 0^57r) but needs $ times lc*» measured data. Further- 
more, the systematic error caused by the algorithms them- 
selves is always below I run. 

Considering the computational cost the wavelet filter- 
ing and Fourier transform method are probably at the same 
level provided ihe same degree of optimisation. i.c, not 
calculating a whole FFT and a good estimation of the 
maximum position and integer aridimetic in die case of the 
wavelet filtering. Hx peri mentally an achievable nns re- 
peatability of 1 .5 nm is determined for sub-Nyqulst wavelet 
filtering. 
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4 Practical Aspects of STM and AFM 
Measurements 

At present the STM and AFM imaging of samples with relatively flat surfaces is a 
routine task. However* more elaborate efforts are required to obtain the reliable im- 
ages needed for thorough characterization of the surfaces. Therefore, in carrying out 
STM and AFM measurements, one should optimize the experimental conditions and 
consider the possibility of image artifacts having various different origins. Several 
practical aspects of STM and* AFM experiments are discussed in this chapter. 



4.1 Samples 

Theapplication of electron and optical microscopy methods often requires elaborate 
sample preparations and measurements in special environments. In this respect, the 
scanning probe techniques (especially AFM) are more universal and can be applied 
to a broad range of samples in different environments. The use of atomic force mi- 
croscopes is mostly limited by the roughness of samples. Because commercial AFM 
probes have a height of several microns, samples with surface corrugations below 
1 \im can be investigated with atomic force microscopes. With scanning tunneling 
microscopes, one can study surfaces with larger corrugations using longer tips. How- 
ever, very long STM tips cannot be employed because of their mechanical instability 
during scanning. Also, surfaces with extremely sharp features cannot be properly ex- 
amined with STM and AFM because they lead to image artifacts (see Section 4.3.3). 

As for the size of the surface area to be imaged, there is no practical limit. Silicon 
wafers cel 10 cm in diameter and microcrystals with dimensions in the micron range 
can. be examined with scanning tunneling and atomic force microscopes/ Using an 
optical microscope or an optical camera, each of which is commonly combined with 
a scanning probe microscope, one can position the probe in the area of interest and 
examine,, for example, the same area of a cor^ u ^ with STM 

and AF^This is 

greater than 15 nm X IS \xm and provide atomic-scale imaging.. 

STM and AFM experiments can be conducted in different environments (e*g.» 
UHV, ambient conditions, under liquid, electrochemical medium) and at tempera- 
tures ranging from the liquid helium temperature up to several hundreds of degrees 
Celsius, lb study samples under liquid or in an electrochemical medium one can use 
appropriate cells supplied with commercial STM and AFM instruments. In air, many 
metal and semiconductor surfaces are covered with an oxide layer, which prevents 
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WvlS^l * C ° nditi0nS - U5uaUy ^ ***** are examined in 

S^rt a meaSUrement ^ subjected to cleaning procedures 

rSedT ted that *r oxide ° veriayers ° f ^i p sr d 

be'S T^Tl^Z™ *T£ * have, to 

lO"»Sto«nte«r- l ^ Wth bulk electricaI conductivity as low as 

^l»Sidtot£l ^ be ? en the SampIe surface ««» its holder 
close to the coTc^ 

the measurements of V^rlT^l? TT^ ^ instru »^ation allows 



4.2 Optimization of Experiments 

image the sample with minimal tin Tmni r be . 9ptmU2ed ' * * ^sirable first to 

approach provides mforrS S l^X J"? ^ °» 1116 ^ ™» 

n mat xs useful for the unage interpretation. 

4.2.1 Optimization of STM Experiments 

^^^^ - — - ~ed 

Priate for the STM hna^ The chl^ * parameters a PP«>- 
for metallic samples, but it is mmmLXi^ __Y » ias voIta * e POtarty is not crucial 

their dependence on the invto^^JT? 1 ^ * 18 necessary to 

conduction bands due to the biL v^lli * ndlng ° f * e v^noa'md 

alter electron occupation at the^TS^S * ^ band bendil * 

nitude and the sign of the bias vo W ""^ dependin e on tie mag- I 

To minimize the tin-ea«i«u r . 

scan ^ ° f — »■ 
set-pomt current below 1 nAanda ^ZS^^T 6 ( *«" hy ***** SmaU 
j relat,Vdyhlghblas voltage around 1 -2 V). Scan- f 
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Optimization of Experiments 49 

ning with high gap resistance is likely to produce images with low signal-to-noise 
ratio. Then a gradual decrease in the gap resistance, which is equivalent to decreasing 
the tip-sample distance, can lead to better-resolved images. However, the increase of 
the tip-sample force interactions at small tip-sample distances might lead to image 
variation and even to surface etching. 

In STM and AFM of layered compounds (e.g., transition-metal dichalcogenides 
and organic conducting salts), molecular adsorbates, and polymers [2-5], etching of 
the surface layers is frequently observed. Figure 4.1 shows the image changes associ- 




Figure 4.1 (a) -(d) Four successive STM height images of the organic conducting salt a- 
(BEDT-TTF) 2 I 3 (/^ = I nA, = 0.1 V). The contrast covers height variations in the 
0-10 nm range. 



1 =art '• 

.25/11 2004 THU 10:00 FAX +49 221 973 11110 Kutzenberger & Wolff ■»■»■» Obion 



@020/033 



50 



4 p f°ctical Aspects of STM and AFM Measurements 



T or8anio mmlaKtor - Khkb wre *»w b suc- 
cessive scans. These images reveal a gradual removal of the topmost Iaver and a 

growth of surface holes in the lower-lying layer. Crystalline suS s w^Ta?™ 

cry^C'^So? STM APM imaging of layerea 

coming on, of ft, scannedC^n SlTSL 1?^ T * " y 
AFM is not well understood butits eSS fl"* 1118 mechanism in STM and 
of the Hp-sample fcrcetaSX? i <S?. ^ ttK c " n be "talked in terms 

4.2.2 Optimization of Contact-mode AFM Experiments 

V)- This can be done by ZT^f £ *° *• operational force. 

Fig, 4.2 00-43 W show ^ZZSJSZX^T* ^ M — «*• 
water. These curves are obtataedl^^T ".Polyethylene tape to air and in 
rest position IAD = 0) L^Wn^l? "^P™ «"» ft™ •» 

vs..distancecurveisobUedbyco^n^ ° f ""^ f °"*" 

«* according to the SZgT^S??. ™<° «- *~ 

free cantilever. The total force aserlJZZZ'Z " * sp ™S «»»»■* of the 

due to the capillary force (F ) m ^^t-conditiou experiment 

(a)and 4 .2 m^^^t^ ^^natfon layer 

mvolved, it is conveJen t to^S^^ 0 ^ displacement AD to the force 

as « ***** number in Figs. 4.2 ^^^^ S °? at ^"-t ^ represented 
reach the set . point defl Jf *™ ^^?v™» the cantilever is bent up to 

pie adhesion is negligible, F „ i< anM JT opr ^ ^puitout. When the tip-sam- 
which is typically higher^" SlS Z^™*** 1 * to the capillary force > 
~ndr4ds^ 

ton experiments fVJ. As a result Te 111 ^ent-condi- 

wt. the ftp with an apex radius of several nanometers 



.25/11 2004 THU 10:00 FAX +49 221 973 11110 Kutzenberger & Wolff ->■» Obion 



©021/033 



S3* 



42 Optimization of 1 Experitnents 



51 



a 



Approaching 
Retracting 




i— 4 Setpornt 



Z position 




C 




\ \ I \ * ' } I ..»,.■. ' I...*.' 1 * » 



Figure 4,2 Force-vs.-distance curves determined for a polyethylene tape: (a), (b) in air; 
(c) under water. The arrows indicate the direction of the sample's approach to and retrieval 
from the tip. The cantilever deflection AD t plotted as the vertical axis, is converted into the 
force unit by the relationship F = £ d AA where is the spring constant of the free cantile- 
ver. The set-point deflection is indicated by the broken line. 
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will produce a load of several gigapascals (GPa), which might lead to irreversible sur- 
face modification of soft materials such as polymers. A nondestructive imaging of 
polymers requires the application of smaller forces (a few nanonewtons or less) 

It is clear trom the above that by adjusting the set-point level, the user can image 
sample surfaces with different applied forces. By raising the set-point level, high- 
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42 Optimization of Experiments 53 

For studies of soft materials, cantilevers with small spring constants axe needed. Ib 
find soft ones among a batch of commercial cantilevers with different spring constants, 
one can determine their resonance frequencies by performing AFM experiments under 
water [8]. Scanning with a very high feedback gain causes the cantilever to vibrate, 
thereby leading to a characteristic oscillation image (Fig, 4.3 (a)). The EFT power spec- 
trum of the horizontal cross-section profile of this image exhibits a pronounced peak 
at the frequency of the cantilever (Figs, 4,3 (b) and 4.3 (c)). This frequency is very close 
to that of the free cantilever, due to the weak tip -sample coupling under water. 

The effect of the applied force on the resolution of AFM images is illustrated in 
Fig, 4.4, which shows the images of a stretched polyethylene tape recorded in air and 
under water with the same tip. In subwater measurements, where the operational 
force is smaller than that in air, the tip-sample contact area is smaller. This improves 
the lateral resolution significantly; the width of the nanofibrils measured in the ex- 
periments under water (15-25 nm) is smaller than that detennined from the image 
recorded in air by a factor of at least two [9]. 




Figure 4,4 AFM height images of a stretched polyethylene tape measured with the same canti- 

- -~leyer(a)i^^ 



4.23 Optimization of Tkpping-Mode AFM Experiments 

For soft materials such as polymers and biological compounds, the application of 
even the smallest force in the contact-mode AFM mode might damage the weak sur- 
face structures. One of the factors causing this problem is the lateral force that the 



25/11 -2004 THU 10:01 FAX +49 221 973 11110 Kutzenberger & Wolff ->->-> Obion 



54 



Practical Aspects of STM and AFM Meastuvments 



mode P 6 SUrfaCe " * Ms Iateral for ^ °* e «« employ tapping- 
^ studies of soft materials than other modulation techniques. iSweverl^l 
Sl?^ 8 m ° de TO y6t * be c1 ^. The most impo^T^esTon 

amplitude in air. ^thf C £~ W I "t ^ *" 

lower than that reached T? , Action can be reduced to a level 

with *e ?i^? B 7i h ^ 

a stretched polyethylene taut Th. mTT I were recorded on 

imaged ta tta^ZS*^ ™T ^ <" **" ,m ° >a * B > ™ lKS 
with ca. 1 „N t<m2^tTT m *« "^-mode measurement. 

to ^PPing-mode^e^^^effeTf ?"! ^ 10 *" ™* ta 
•W »*d* force is JSSTT^fSS* 1 «* °*« 

surface lattice was detected (Fi* 4 51 th? • w * * at0mic ^e pattern of the 

rior to that of the contact ^^Z^^^ ratio of * *fe- 

ou the sample. In the t^S^^SS^ *" m * P ta *» »"> ^ 
w ^ moae, atormc-scale images are observed occasionally, 




nm — — 

Figure 4.5 (a) Tappin gHmodc ^ - . . . 

mode A FM height taage ob ^ ^ e ^r. re l COmP ° Und WS ^' ») Contact- 

^ Thfi ««» height variation n S T * ^ ^ pkoe oa the WSe * «W 

ranse m 0,0 0,3 010 (a), and in the 0.0-0 5 nm 



.25/11 2004 THU 10:02 FAX +49 221 973 11110 Kutzenberger & Wolff w Obion 



4.3 STM and AFM Measurements 55 

so it is difficult to establish their origin. Such imaging may be caused by a small lat- 
eral-force component that the tip experiences during the tapping The latter is possi- 
ble because the cantilever in the rest position is slightly inclined to the sample sur- 
face^ as pointed out in Section 3.3.1. 



43 STM and AFM Measurements 

Several aspects of STM and AFM imaging on different scales are summarized in this 
section. The specific features of imaging that depend on the -nature of the com- 
pounds under consideration will be described in later chapters, 

4.3,1 Large-Scale Imaging 

To examine a sample by STM and AFM, it is preferable to start with large-scale imag- 
ing. In general, images of areas larger than 100 nm x 100 nm do not provide infor- 
mation about the contrast variation within a unit cell. However, they contain invalu- 
able data about the topography of the samples and other surface properties (ag., 
hardness, friction). The images of amorphous materials such as polymers exhibit dif- 
ferent types of surface morphology (for details, see Chapter 12), Flat terraces sepa- 
rated by single or multiple steps are typically found on the surfaces of crystalline 
samples and thin organic layers adsorbed on substrates. The step heights in the 
nanometer and angstrom range are rather difficult to measure by physical methods 
other than STM and AFM. Knowledge of the surface topography obtained with 
large-scale imaging also allows one to select a flatter and less defective region of the 
surface for atomic-scale imaging. In some cases, perfect surface layers can be pre- 
pared by deliberately etching away the defective topmost layers with the scanning tip. 

When surfaces contain chemical and structural defects such as vacancies, dopants, 
and noncrystalline domains, large-scale STM images should be analyzed with care 
because they can be dominated by the electronic structures associated with the de- 
fects, When defective features are found in the images, it is important to check how 
the image contrast is influenced by the polarity of the bias voltage. This check can 
helpudiiMfy^ 



t — — * — r c? "™ "™o )j\j\clk~ 

ity, different electronic states of the sample may become involved in the tunneling 
process (see Chapter 7), The STM images of defects may be influenced by tip-sam- 
ple force interactions, and these effects can be observed in the large-scale as well in 
the atomic-scale images. For instance, in the STM study of defects in layered semi- 
conductor WSe^, the nanometer-scale bright spots at high are reversibly con- 
verted to bright rings at low * gap (Fig. 4.6) [11]. The nanometer-scale bright spot is 
assigned to the trapped electron state around a donor dopant on the surface Se-atom 
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4.3.2 Atomic-Scale Imaging 

STM and AFM images obtained for small areas (below 100 run x 100 nm) of crystal- 
line surfaces exhibit molecular- and atomic-scale features. Currently, one can obtain 
atomic-scale AFM images with a signal-to-noise ratio comparable with that found 
for atomic-scale STM images- For compounds with known crystal structures, the im- 
ages of the crystal faces are compared with the lattices expected from the bulk crystal 
data. Therefore, it is important to determine reliably the surface' unit cells of the im- 
ages, lb minimize the effect of the thermal drift on the geometrical parameters of 
the images, it is necessary to carry out imaging after thermal equilibrium has been 
reached between the sample and microscope stage, and to conduct measurements 
with high scanning speed. Further, the images should be collected in the "up'* and 
"down" scanning directions and at different rotation angles of the fast-scanning di- 
rection. Finally, the geometrical parameters of these measurements should be aver- 
aged. This procedure gives rise to more reliable surface unit-cell parameters from the 
images. For layered compounds the image and crystallographic lattice parameters are 
in agreement, typically to an accuracy of within 5 %. 

In STM and AFM studies it is common to observe variations of the image details 
in atomic-scale patterns depending on the experimental conditions. Image variation 
may occur spontaneously due the instability of the tip and the surface^ even when 
the scanning is carried out without changing the experimental conditions. Alterna- 
tively, image variation may reflect a change in the tip-sample distance and applied 
force, so it can help to characterize the sample surface. For example, the STM images 
of some organic conducting salts exhibit an image variation as a function of 
(see Chapter 10). Such a variation may originate from tip -sample force interaction, • 
the effect of which on the surface structure can be directly observed in the AFM im- 
ages. Tb understand the dependence of the image features on the applied force, it 
is necessary to carry out systematic force-dependent measurements. Figure 4.7 shows 
the results of force-dependent AFM experiments for the layered telluride 
NbGe^Tfe^ These images show bright spots corresponding to surface Te atoms. 
The low-force AFM image exhibits the hexagonal pattern expected from the atomic 
- arrangement of the Tte-atom surface layer. In the high-force image, periodic rows of 
depressed surface atoms appear; upon reducing the applied force, this feature disap- 
pear These reversible image^^ 

surface relaxation^ As wilil^^scussed m Chapter 9, the depressS"atoms are assoa- 
ated with those Te atoms on the surface whose local hardness is small [13], Thus, 
the high-force image reveals the variation of the surface local hardness, and the 
force-dependent AFM studies provide an experimental basis for nanomechanics. 

As already mentioned, the images of inorganic layered compounds obtained in 
high-force experiments exhibit a high signal-to-noise ratio. Furthermore, atomic-size 
imperfections were found in high-force images of ThGeo^ssTe^. Figure 4,8 shows 
four successive images of TaGe 0 ^Te^, with two imperfections indicated with ar- 
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Figure 4.8 (a)-(d) Sequence of four contact-mode AFM height images of T^Geo^jT^ re- 
corded at 10 s intervals with high applied forces The contrast covers height variations In the 
0.0^0.7 nm range. The large arrows point to the atomic-size defects. The rows containing the 
defects are indicated by small wedges, and the height profiles along these rows are shown 
below the images. 
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It is worthwhile to comment on the surface imperfections of highly ordered 
pyrolytic graphite (HOPG), samples of which are used as a substrate for depositing 
organic molecules for their STM imaging. Despite its flat terraces, STM images of 
HOPG occasionally exhibit disordered and partially ordered features of different 
shapes, which occur at the surface steps and grain boundaries [18]. Therefore, in ex- 
periments with biological and organic molecules adsorbed on graphiteTif is necessary 
to distinguish between the features of defective graphite and those of adsorbed mole- 
cules. 

Typical artifacts that occur in atomic-scale STM images are shown in Fig, 4.9 (c). 
A sudden change happens in the center of the image, and the periodic features in 
. the lower and upper- parts have different contrasts. Such variations might occur dur- 
ing scanning, due to a spontaneous change in the tip and in the tip-sample gap. In 
some cases, such changes are accompanied by a small shift of the periodic features 
in different parts of the image. This can happen when the atoms located in different 
places on the tip apex become involved in tunneling over different places on the sam- 
ple surface. The drastic pattern changes observed during an STM study of an Si(lll) 
7x7 surface in UHV [19] were explained by the sudden change in the electronic 
states of the tip participating in the tunneling. 

Another kind of multiple^tip effect is observed in STM images of HOPG [20]. R>r 
example, Fig. 4.10 (a) shows an image of HOPG containing two regions (I and IE) 
with different crystallographic orientations. The angle of misalignment is about 40°. 
The border region III shows a pattern (Fig. 4.10 (b)) which resembles the superposi- 
tion of the images of the domains I and II. Such images can be explained if the cur- 
rent is collected simultaneously from the two regions by two microtips'[20]. It should 
be noted that the occurrence of STM images with superstructure patterns is not al- 
ways caused by tip-related artifacts. For example, such images can arise from 
misalignment of a surface layer of graphite with respect to the underlying graphite 
lattice (see Chapter 9). 

The atomic-scale image imperfections resulting from nonideal tip geometry are 
best illustrated by those found for HOPG. Mixes et a] [21] simulated the anomalous 
images of HOPG by the superposition of three sine waves, whose amplitude and 
phases were adjusted to match the experimental data. A multiple-tip effect in the 
HOPG image has been also considered by Colton et al. [22]. Their results suggest 

thatithe^image'distq 

number of tip atoms. The same conclusion was reached by Ren et aL [23], who calcu- 
lated the partial electron density plots for layered compounds 0-Nb 3 I 8 and WTe^ 
with two- and three-atom tips of different geometry. 

Many image artifacts are not self-evident, so one should earn' out repeated 
(though tedious) measurements to characterize properly the sample under examina- 
tion. For large-scale measurements of corrugated surfaces, sharp tips are desirable; 
it is therefore useful to test the tip shape with standard samples of known profiles 
(see Section 3.4-2). However, this does not totally eliminate image artifacts, because 
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